Background. In view of recent reports of large amounts of albumin fragments present in normal urine we investigated the mechanism of albumin handling by the proximal tubule.
largely reabsorbed, then degraded into amino acids by the proximal tubule and reutilized by the body [1, 2] . The albumin not taken up by the proximal tubule appears in the urine. It is uncertain, however, how much albumin passes through the glomerular filter and is processed by the proximal tubule, because measurements of albumin concentrations in glomerular fluid samples using the micropuncture technique have yielded variable results [3, 4] . Thus, despite the lack of a consensus as to how much albumin is processed by the proximal tubule, it is widely believed that most filtered albumin is salvaged after complete degradation by the proximal tubule.
The above concept of renal handling of albumin was derived from experiments in microdissected segments of the proximal tubule of the rabbit perfused with albumin solutions [5] . In these studies it was shown that low concentrations of albumin in the perfusate were taken up and completely degraded by the proximal tubule, and that the degradation products were entirely released into the basolateral side. No degradation products were detected in the apical side, suggesting that albumin fragments would not be present in the final urine.
Recently, Osicka et al [6, 7] have shown that following the injection of tritium-labeled albumin, large amounts of albumin-derived fragments were excreted in normal rat and human urine, thus challenging the existing theory. However, the experimental design used in these studies did not allow an accurate measurement of the proportion of the albumin fragments that was excreted in the urine and that reabsorbed in the blood.
As the conclusions derived from these two studies are incompatible with each other, we have attempted to resolve this issue by experiments in vivo and ex vivo kidney preparations. We have further shed some light on the mechanism of albumin handling by quantifying the apical and basal excretion of albumin degradation products in the cultured proximal tubule cell.
METHODS

Labeling of albumin with radioactive iodine and fluoroscein
Serum albumin (rat or human) (Sigma Chemical Co. St Louis, MO, USA) was labeled with either radioactive iodine ( 125 I) or fluoroscein. For radiolabeling, Chloramine-T method was used [8] . The label was typically >98% protein bound and its specific activity was ∼4000 to 6000 cpm/ng. Fluoroscein labeling was done by mixing albumin solution with a 10 mol/L excess solution of fluoroscein isothiocyanate (FITC) (Sigma Chemical Co.) at pH 7.4. The FITC was dissolved in 95% ethanol and added dropwise to the albumin solution. The volume of the FITC solution never exceeded 5% of the volume of the albumin solution. The mixture was wrapped in aluminum foil to protect from light and incubated at room temperature overnight. The mixture was dialyzed extensively for two days at 4 • C with phosphate (10 mmol/L)buffered saline (125 mmol/L) (PBS), pH 7.4, to remove unreacted fluoroscein. Fluorescence measurement of the FITC-albumin conjugate at Ex 490 /Em 520 showed that the molar ratio of FITC: albumin in the conjugate was 1:1.
Injection of 125 I-albumin to rats
Male Sprague-Dawley rats (300 to 350 g) (Harlan Laboratories, Indianapolis, IN, USA) were injected intravenously with 1 lg of 125 I-rat albumin in 0.2 mL of saline. A sample of blood was collected within 15 minutes for initial 125 I-albumin determination. The rats were placed in metabolic cages for 3 hours for urine collection. At the end of the 3-hour urine collection, the rats were anesthetized and a sample of blood was collected for the final determination of 125 I-albumin. Urine and blood were analyzed for intact and degraded 125 I-albumin by trichloroacetic acid (TCA) precipitation analysis.
TCA precipitation for separation of intact and degraded 125 I-albumin
Urine (or media) samples were precipitated with 10% TCA, the mixture incubated for 30 minutes on ice and then centrifuged for 15 minutes at 10,000g to separate the intact 125 I-albumin (TCA pellet) and degraded 125 Ialbumin (TCA supernatant). The two fractions were counted in a gamma counter (Packard, Downer's Grove, IL, USA).
To characterize the size of 125 I-albumin peptides that precipitate with 10% TCA, urine samples (N = 6) were analyzed by two ways: (1) urines were chromatographed in a Biogel P-60 gel filtration column (see below) and the various fractions were subjected to 10% TCA precipitation, and (2) the unfractionated urine samples were precipitated by 10% TCA, and the pellet and soluble fractions were separately chromatographed to see which fragments were precipitated and which were not.
Excretion rates of intact and total (intact + degraded) 125 I-albumin in urine
The excretion rate of albumin was determined from the 125 I-radioactivity counts (counts per minute) as follows: Initial blood cpm/mL (15 minutes) + final blood cpm/mL (3 hours) was divided by 2 to obtain the mean cpm/mL in blood during the 3-hour collection period. This number was divided by the albumin concentration in blood (55,000 lg/mL) as determined by the albumin blue method described before [9] to obtain the specific activity of 125 I-albumin in blood in terms of cpm/lg albumin. The excretion rate of albumin [intact or total (intact + degraded)] in lg/min was calculated as cpm in urine (intact or total)/180 min/specific activity of 125 I-albumin in blood. Note that the 125 I-albumin in the final blood sample (after 3 hours of injection) was approximately 5% less than in the initial blood sample obtained at 15 minutes indicating that the 125 I-albumin level in blood was stable over this period. Also, both samples had a TCA precipitability of >99%, showing negligible degradation of 125 I-albumin in the blood.
Radioimmunoassay (RIA) for rat albumin
A competitive RIA for rat albumin was set up using radiolabeled ( 125 I) rat albumin and rabbit antirat albumin antibody (Sigma Chemical Co.) mixed with samples or standards (100 ng/mL to 10 lg/mL) as described previously for human albumin [10] . After overnight incubation at 4 • C the immune complexes were precipitated with protein A containing Staphyloccocus aureus (Sigma Chemical Co.) and the precipitates counted in a gamma counter.
Ex vivo perfusion of kidneys with 125 I-albumin
Rats were anesthetized with 50 mg/kg sodium pentobarbital by intraperitoneal injection and prepared for ex vivo perfusion of isolated kidneys [11] . A longitudinal mid-abdominal incision was made to expose both ureters that were cannulated with PE-10 tubing (Intramedic, Clay Adams, Sparks, MD, USA). The renal vascular bed was isolated by ligation of the mesenteric vessels and the aorta proximal to the renal arteries. A cannula was placed at the descending aorta below the renal artery and secured by a ligature. An incision was made in the inferior vena cava to allow the outflow. The kidneys were initially flushed with PBS at 37 • C to remove blood. The kidneys were then perfused with 50 mL of prewarmed (37 • C) PBS containing 1 lg of 125 I-albumin over 10 minutes. The kidneys were perfused for another 4 minutes with 20 mL of prewarmed PBS. Urine was collected during the 14-minute perfusion period and saved at −20 • C until analysis.
In another group of animals where the effect of chloroquine was tested, chloroquine (10 lmol/L) (Sigma Chemical Co.) was added to the perfusate.
Culture of human proximal tubular cells (HK-2)
The human proximal tubular cell line (HK-2) was originally derived from normal adult human renal cortex by hybridization with the retrovirus human papilloma virus 16 E6/E7 genes [12] . They grow in a monolayer forming domes suggestive of a polar cell. These cells are epidermal growth factor (EGF)dependent and stain positive for alkaline phosphatase, gamma glutamyltranspeptidase, leucine aminopeptidase, acid phosphatase, cytokeratin, a 3 b 1 integrin, and fibronectin and negative for factor VIII. They have a functioning sodium-dependent/phlorizin-sensitive sugar transport and sodium bicarbonate co-transporter. They have been shown to have parathyroid hormone (PTH)sensitive and antidiruetic hormone (ADH)-insensitive adenylate cyclase.
The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (low glucose) and F-12 Ham (low glucose) media mixed in a 1:1 ratio (Gibco, Life Technologies, Rockville, MD, USA) with added HEPES (20 mmol/L), antibiotics, and 5% fetal bovine serum (FBS) . For experiments the cell cultures were grown to confluence.
Binding and uptake of albumin by HK-2 cells
Medium from confluent layers of cells was replaced with fresh basal medium without serum. To the medium was added 125 I-albumin (or FITC-albumin) and the cells were incubated either at 4 • C for 2 hours (for binding experiments) or at 37 • C in 5% CO 2 -95% air for 1 to 6 hours for endocytosis experiments. For inhibition experiments the incubation media also included unlabeled albumin. For binding experiments, media was discarded after the incubation period, the cell layer washed extensively with cold PBS, extracted in 0.1% sodium dodecyl sulfate (SDS), and gamma counted. For endocytosis experiments, following incubation with 125 I-albumin (or FITC-albumin) the media was discarded and the cell layer washed with fresh media containing 10 mg/mL of unlabeled albumin to remove the membrane bound 125 Ialbumin (or FITC-albumin) and the cells further incubated at 37 • C for 18 hours. Then the media was collected and the cell layers were washed extensively with cold PBS and extracted in 0.1% SDS for measurement of degraded 125 I-albumin. Experiments with FITC-albumin were performed on cells grown on LabTek chamber slides (Nunc, Naperville, IL, USA) to allow microscopic examination and photography of the cell layers. Cells incubated with FITC-albumin were washed with cold PBS and examined under an epifluorescent light microscope (Nikon, New York, NY, USA).
Analyses of cell media and cell extracts for degraded albumin
Media and cell extracts were analyzed for the measurement of degraded 125 I-albumin by (1) precipitation with 10% TCA, (2) SDS-polyacrylamide gel electrophoresis (PAGE) followed by autoradiography, and (3) gel filtration chromatography using a Biogel P-60 column (Bio-Rad Laboratories, Richmond, CA, USA).
Culture of HK-2 cells on Millicell filter dishes to study excretion of degraded 125 I-albumin products to apical and basal media
HK-2 cells were seeded on Millicell filter dishes (Millipore, MA, USA) which permit access to both the apical and basal fluid compartments of the cell [13] . After the cells reached confluency cells were incubated with 125 I-albumin (on the apical side) to reach steady-state levels (>4 hours) after which membranebound albumin was washed away with excess unlabeled albumin and cells were then allowed to process the internalized 125 I-albumin at 37 • C for 18 hours. The media from the apical and basal compartments were collected and analyzed for intact and fragmented 125 I-albumin by TCA analysis. In preliminary experiments, we determined the leakage of the monolayer by pulsing the apical media with tritium [ 3 H]-labeled inulin and found that the confluent monolayer only allowed 4% of the inulin to cross the monolayer and appear in the basal media in 24 hours.
RESULTS
TCA precipitation analysis
These studies were performed to characterize the albumin fragments precipitated by TCA. Figure 1A shows a typical gel filtration chromatogram of rat urine collected after injection of 125 I-albumin. It contained intact 125 I-albumin and fragments in the range of <5 to 66 kD with two major peaks of intact (and large fragments) (60 to 66 kD) and small fragments (5 to 14 kD). The precipitability of the fragments by 10% TCA decreased from 98% for the intact albumin to 5% for the smallest fragments (Fig. 1B) . Chromatographic analysis of the TCA pellet and the TCA soluble fractions of unfractionated urine confirmed these findings. While the TCA soluble fraction predominantly contained the <14 kD sized peptides, the TCA precipitate contained all the higher fragments ( Fig. 1C and D) . Based on these data the TCA soluble fraction of rat urine in our experiments will mostly represent <14 kD fragments of albumin. 125 I-albumin and fragments in the range of <5 to 66 kD with two major peaks of intact (and large fragments, 60 to 66 kD) and small fragments (5 to 14 kD). (B) Ten percent TCA precipitated 98% of the intact albumin, lesser proportions of albumin fragments and only 5% of the smallest fragments. (C) Chromatographic analysis of the TCA pellet and TCA soluble fractions of unfractionated urine showed that while the TCA soluble fraction predominantly contained the <14 kD sized peptides, the TCA precipitate contained all the higher fragments.
Comparison of albumin excretion rates by RIA and by measurement of intact and fragmented 125 I-albumin in the urine
The albumin excretion rate in the rat was determined by the conventional method of measuring albumin by RIA that measures only intact albumin and compared to that obtained by measuring the excretion rate of 125 Ialbumin after systemic injection of 125 I-albumin (Table 1) . The mean albumin excretion rate as determined by RIA was 4.8 lg/min. Excretion rate of injected 125 I-albumin was expressed in terms of excretion rate of intact 125 Ialbumin and excretion rate of total (intact + degraded) 125 I-albumin based on the TCA precipitation analysis. The excretion rate of intact urinary 125 I-albumin was 6.1 lg/min-a value close to that obtained by RIA. If we consider the total 125 I-radioactivity excreted in the urine (intact 125 I-albumin + degraded products of 125 I-albumin) the excretion rate was 70 times higher (349.6 lg/min), suggesting that >98% of total albumin present in the urine was degraded and that the degraded albumin was not detected by the RIA. Expressed in a standard manner, this excretion rate of albumin translated to 6.5 mg/100 g body weight/hour (considering the average weight of the rats to be 325 g).
Size of peptides derived from the degradation of 125 I-albumin in the urine
Rat urine samples (N = 4) collected after the systemic injection of 125 I-albumin were also fractionated by gel filtration chromatography to quantitate the fragments ( Table 2 ) ( Fig. 1A shows a representative chromatogram). 125 I-radioactivity was determined in fractions corresponding to molecular sizes of >60 kD, 14 to 60 kD, and 5 to 14 kD. We found that while only 4.5% of the 125 I-albumin in the urine was of high molecular weight (>60 kD), 29.5% of the activity was in albumin-derived peptides of intermediate size (14 to 60 kD), 65.9% in small peptides (5 to 14 kD), and 0.1% in small molecules, including amino acids and free 125 I-iodine. These results were consistent with the high amount of albumin degradation we observed by TCA precipitation analysis in the previous experiments.
Excretion rate of 125 I-albumin in the ex vivo kidney: Effect of chloroquine pretreatment
The excretion rates of intact and total 125 I-albumin products in the urine were determined in the ex vivo perfused kidneys to rule out the possibility that 125 I-albumin was degraded in the circulation and that the degraded products were excreted in the urine. The excretion rate of total 125 I-albumin (intact + degraded) in the ex vivo perfused kidneys was 10 times higher than the rate of excretion of intact 125 I-albumin (Table 3) , again showing that 125 I-albumin was largely present in a degraded form in the urine and that the degradation process took place in the kidney. Note that the difference in the excretion rates between the intact and total albumin was not as high as 70 times observed in vivo (Table 1) probably due to the suboptimal physiologic condition of the ex vivo preparation.
To test if the degradation of albumin was taking place intracellularly in the lysosomal compartment of the tubular cell, we measured 125 I-albumin excretion in a separate group of rats after pretreatment of the ex vivo kidney preparation with chloroquine, a drug that inactivates lysosomal enzymes by increasing the lysosomal pH. The data in Table 2 showed that although chloroquine treatment did not significantly change the excretion rate of the total 125 I-albumin excreted, it greatly increased the excretion rate of intact 125 I-albumin (sixfold) by inhibiting the degradation of 125 I-albumin (90.3% in control versus 52.9% in chloroquine-pretreated rat kidneys).
Binding and endocytosis of albumin by cultured human proximal tubular cells (HK-2)
To further characterize the cellular binding and degradation of albumin, we incubated HK-2 cells with 125 I-albumin and followed its fate in the medium and cell. Figure 2 shows the binding of 125 I-albumin on HK-2 cells at 4 • C. The binding was saturable ( Fig. 2A) , and inhibitable by unlabeled albumin (Fig. 2B ), suggesting the presence of a receptor on the cell. Scatchard analysis of the data by Enzfitter software program (Elsevier-Biosoft, Cambridge, UK) [14] yielded a K D of 1.25 mg/mL and a B max of 1.22 lg/10 6 cells. When cells were incubated with 125 I-albumin at 37 • C, the cells endocytosed albumin in a time-dependent manner with a steady-state level reached in 4 hours (Fig. 3 ). Endocytosis of 125 Ialbumin at 37 • C was also dependent on the concentration of 125 I-albumin in the medium, reaching saturation at ∼2.2 mg/mL (data not shown); it was inhibitable by unlabeled albumin (data not shown) and at the saturating concentration of 125 I-albumin in the medium the steadystate level of endocytosed albumin was 7.3 lg/10 6 cells. The endocytosis of FITC-albumin (and its inhibition by unlabeled albumin) was visually demonstrated by fluoroscence microscopy (Fig. 4) .
Processing of endocytosed albumin by the HK-2 cells
The fate of endocytosed albumin was studied to gain further insight in the handling of albumin by the proximal tubular cells. Following endocytosis of 125 I-albumin there was a time-dependent release of degraded and intact albumin in the media (data not shown). Examination of the media and the cell extract by gel filtration chromatography and SDS-PAGE showed the presence of fragments of albumin in both media and cell extracts ( Figs. 5 and  6 ). The sizes of the fragments in the media were lower than those present in the cells, suggesting that prior to the release of fragments in the medium 125 I-albumin was progressively degraded inside the cell.
We investigated whether the degradation process took place in the lysosomes by studying the degradation of endocytosed 125 I-albumin in cells pretreated with chloroquine, which inactivates lysosomal enzymes. In cells treated with chloroquine, the amount of degraded 125 Ialbumin appearing in the medium was inhibited by 80% showing that the lysosomal enzymes were responsible for the degradation of 125 I-albumin (Fig. 7) . This effect could not have been due to a reduced up-take of 125 I-albumin by chloroquine-treated cells as it was determined that chloroquine pretreatment did not affect the uptake of 125 I-albumin (data not shown).
Apical and basal excretion of 125 I-albumin degradation products by HK-2 cells
HK-2 cells grown on Millicell dishes were allowed to endocytose 125 I-albumin from the apical side. Subsequently, the apical and basal compartments were analyzed for intact and fragmented 125 Ialbumin ( Fig. 8 ). Of the total intact 125 I-albumin exocytosed, equal amounts appeared in the apical Cells were allowed to endocytose 125 I-albumin for 4 hours after which the cell layer was washed with fresh media containing unlabeled albumin to remove membrane-bound 125 I-albumin and the cells further incubated for 18 hours at 37 • C. Media showed several fragments of 125 I-albumin in the range of 14 to 66 kD, including intact 125 I-albumin (black arrows). Cell extracts also showed fragments of 125 I-albumin, though they were of higher sizes than those seen in the media. and basal compartments. On the other hand, exocytosed fragmented 125 I-albumin was preferentially excreted to the basal media (65%) and smaller amounts to the apical media (35%).
A B
DISCUSSION
The data presented in this paper indicate that normal urine contains small amounts of intact albumin but much larger quantities of low molecular peptides derived from albumin. By studying the urinary excretion of systemically injected 125 I-albumin we found that the excretion of intact 125 I-albumin was similar to that determined by RIA, and that the total albumin excretion (intact + degraded) was 70 times higher than the amount of intact albumin measured by RIA. These findings indicate that 98% to 99% of the excreted albumin in the urine was degraded and that only 1% to 2% was intact. It is noteworthy that most dye-binding and other immunoassays have failed to detect the presence of these high levels of albumin fragments because they measure only intact albumin and not its degradation products (unpublished findings). In that regard, albumin measurements in urine with the current assays, especially for the purpose of estimating clearances will be grossly underestimated. For greater accuracy such measurements should therefore take into account the sum of albumin and its fragments.
We excluded the possibility that 125 I-albumin was degraded systemically and excreted in the urine by demonstrating that the labeled albumin in the serum was 99% TCA precipitable throughout the experimental period. To further rule out this possibility, we performed Cells were allowed to endocytose 125 I-albumin for 4 hours after which the cell layer was washed with fresh media containing unlabeled albumin to remove membrane-bound 125 I-albumin and the cells further incubated for 18 hours at 37 • C. Cell media showed intact 125 I-albumin and fragments of albumin including the smaller ones of less than 14 kD size. Cell extracts showed a broad peak containing a mixture of intact and large-sized fragments of 125 I-albumin. similar experiments by perfusing 125 I-albumin in the isolated ex vivo kidney preparation and studying the excretion of intact and degraded 125 I-albumin. Such ex vivo studies, which avoid the modifying effects of other organs (especially the liver and blood vessels) on the circulating 125 I-albumin, yielded a similar result that is the kidney degraded most of the albumin present in the urine. Our results appear contradictory to those of Park and Maack [5] , which failed to detect degradation products in the apical side of the proximal tubule and thus implied that fragments should not be present in the urine. The results of these earlier studies, although clear, need to be interpreted with caution because only small segments of tubules (0.5 mm) were used. Further, the fragmentation of albumin was studied by the TCA precipitation analyses and not by chromatography. The TCA analysis is at best only a crude method to assess fragmentation, because intermediate fragments are inconsistently precipitated by TCA, as we show in the present study (see Results section). Thus, the complete degradation of reabsorbed albumin in the proximal tubule and the absence of fragments in the urine in this model may simply reflect the limitations of the experimental design and the imprecise method used to assess degradation. Russo, Bakris, and Comper have suggested that the kidney degraded albumin by demonstrating the presence of tritiated substances in the urine following injection of tritium-labeled albumin (reviewed in [16] ). However, the use of tritium-labeled albumin can confound the interpretation because following the degradation of the albumin by tubular cells, the resulting tritium-labeled amino acids can be reincorporated into other proteins of the tubular cell, thus spuriously underestimating the amounts of albumin fragments measured in the urine and therefore of the proportion of albumin degraded and also the total albumin handled by the tubule. In several studies in the rat [6, [17] [18] [19] , these investigators showed that the total (intact + degraded) albumin excretion varied from 0.15 to 0.5 mg/100 g body weight/hour with 90% of the albumin present in the degraded form. In contrast, in our studies we found that the total albumin excretion was much higher (6.5 mg/100 g body weight/hour) with >98% of albumin present in the degraded form in the urine. The reason for the lower estimate of the excreted albumin by Osicka et al [6] may be related to the problems inherent in the use of tritium-labeled albumin. Our results would suggest a very high turnover of albumin in the rat. Consistent with this Keysen, Kirkpatrick, and Couser [20] using 125 I-albumin to study the catabolic rate of albumin in normal rats in steady-state found that 5.7 mg/100 g body weight/hour is catabolized through urine per day, a value far higher than Comper's estimate, but close to the 6.5 mg/100 g body weight/hour we determined in our experiments. Because more detailed studies on the uptake and metabolic handling of albumin by the proximal tubule cannot be done in in vivo or in ex vivo kidney preparations, we carried out additional studies were conducted in a well-characterized HK-2 cell line derived from the human proximal tubule (for the sake of consistency these studies should ideally have been performed in a rat proximal tubular cell line, but such a cell line is not available). We observed that HK-2 cells have an active receptor that binds and internalizes albumin. We also determined that the affinity constant (K D ) of albumin binding in the HK-2 cells was 1.25 mg/mL, a value very close to the K D of 1.2 mg/mL determined for the predominant low affinity, high capacity receptor present in vivo in the proximal tubule [5] . Most previous work on the details of albumin handling was done in the opossum proximal tubular cells, which showed that albumin was taken up by a receptor complex consisting of megalin and cubulin and that the degradation products were released into the apical side [15, 21, 22] . These studies, however, did not characterize the size of the fragments, nor did their experimental setup allow the sampling of the basolateral side to determine if the albumin degradation products were also released to the other side of the cell. We found that HK-2 cells internalized albumin and processed it in the lysosomal system to produce fragments, some of which were exocytosed to the medium. The degraded albumin was excreted mainly at the basal side, but some was excreted at the apical location, consistent with our experiments in rats where significant amounts of degraded albumin were detected in the urine. However, the proportions derived from our experiments, of the intact and degraded albumin excreted to the apical/basal sides in normal conditions, may not hold true in proteinuric states.
Using a combination of in vivo, ex vivo kidney, and proximal tubule cell models, we have shown that albumin is rapidly and extensively degraded by the proximal tubule cell. More importantly, a large portion of the degraded products is lost in the urine as peptides, and the remaining portion reabsorbed. These findings are in sharp contrast with the established view that degraded albumin is completely reabsorbed into the blood stream.
